Background-The originally recommended dosing schedule, 0, 2, 6 months, for the 3-dose quadrivalent human papillomavirus vaccine (4vHPV) was often not followed, resulting in longer than recommended intervals between doses and interest in the effect of prolonged intervals. Recent two-dose recommendations require investigations into the effect of delaying dose 2.
Introduction
In the United States (US), human papillomavirus (HPV) vaccination was recommended for girls in 2006 as a 3-dose series for 9 to 26 years old with the second dose administered one to two months after the first dose and the third dose six months after the first dose [1, 2] .
Recently, recommendations in the US were modified to include a 2-dose schedule given 6-12 months apart for adolescents initiating the vaccine series at 9-14 years [3] .
Delays between doses are common, with rates of on-time completion declining over time since licensure [4] . Two reviews [5, 6] of clinical populations indicate that the average intervals are approximately six months between doses 1 and 2 and 11 months between doses 2 and 3. Few studies have examined HPV vaccine immunogenicity when given at prolonged intervals in the community setting [7] .
With less than half of adolescent females completing the series within the recommended dosing schedule, we sought to better understand implications for alternate dosing schedules. A large, multisite study was undertaken to examine antibody response to HPV types 6, 11, 16, and 18 among girls receiving the quadrivalent HPV vaccine (4vHPV) as part of routine health care. Because substantial delays between vaccine doses occur in the community, the effects of substantial delay in obtaining dose 2, dose 3, and both dose 2 and dose 3 were evaluated at one month and six months after receipt of dose 3 thus extending our understanding of HPV vaccination by examining predefined groups with more substantive delays and measuring persistence of antibody at six months. [7] . Due to interest in 2-dose schedules, effects of on-time and substantial delay in obtaining dose 2 were evaluated at four months after receipt of dose 2 in a subset of participants. Lastly, the frequency and impact of vaccination with other vaccines at the time of 4vHPV on immune response was assessed.
Methods

Participants
This multisite prospective study enrolled healthy girls aged 9 to 17 years who received the 4vHPV as part of routine clinical care from pediatric and adolescent practices in Ohio, Tennessee, Georgia, Missouri, Pennsylvania, Maryland, and Washington between June 2010 and August 2013. Girls provided written assent; parents/legal guardians provided informed consent. In Ohio and Tennessee, if a parent/legal guardian was not available to provide consent, parental consent was waived after three attempts to contact the parent. Girls were excluded if they had received any HPV vaccine other than 4vHPV, blood, blood products, immunosuppressive medications in the past three months, a live virus vaccine (not including live attenuated influenza virus vaccine) within four weeks before or after the third 4vHPV dose, or had a history of malignancy or a confirmed or suspected immunodeficiency. Other criteria are detailed on clinicaltrials.gov (NCT00524745).
Design
The study was approved by each site's Institutional Review Board. Eligible girls were enrolled either the day of and prior to receiving their third 4vHPV dose or up to 28 days after receipt of dose 3. Upon enrollment, participants were assigned to a study group defined by the intervals between booster doses. Intervals were calculated from dates of vaccination obtained from clinical medical records and patient's immunization cards. Participants in group 1 (control group) received dose 2 on time (within 51-70 days of dose 1) and dose 3 on time (within 106-137 days of dose 2). Group 2 received dose 2 on time and dose 3 substantially late (≥ 240 days after dose 2). Group 3 received dose 2 substantially late (≥ 120 days after dose 1) and dose 3 on time. Group 4 received dose 2 substantially late and dose 3 substantially late. Participants receiving doses at intervals not included in the groups described above were included in group 5; these participants were included in analyses of characteristics and concomitant vaccines. Definitions for on-time and substantially late administration were based on previous studies, 4vHPV package insert, and Centers for Disease Control and Prevention Advisory Committee on Immunization Practices recommendations for HPV immunization [5] [8, 9] . Participants in each group had blood drawn for measurement of antibody titers one month (approximately 28 days; range 21-35 days) and six months (approximately 183 days; range 176-190 days) after dose 3. Participants in groups 1 and 3 who enrolled prior to receiving dose 3 had blood drawn four months (approximately 123; range 106-137 days) after dose 2. This permitted analyses of post dose 2 titers among participants with on-time and substantially late dose 2. Vaccine was supplied by clinical sites; vaccination was not a study procedure.
Study procedures
Upon enrollment, participant's demographic and medical information were obtained from participants and parent/legal guardian. Immunization history was obtained from participants' medical record. Serum was collected at designated time points, frozen and shipped to a central storage facility until transported to the reference laboratory for antibody testing.
Antibody assays
Antibody responses to 4vHPV genotypes were measured using a multiplex ELISA (M4ELISA)[10] performed at the Centers for Disease Control and Prevention HPV Immunology Laboratory. Briefly, it is a direct virus-like particle based IgG ELISA on Meso Scale Discovery platform. Serial dilutions of the test and reference sera and the parallel line (PLL) method were used to determine the amount of antibody present in the test serum relative to the standard serum. The threshold for seropositivity for each HPV type was calculated as equal to or above the 99th percentile of Johnson-Su probability distribution of children's sera signal run at 1:100 (gift from Dr. Joakim Dillner, Lund University, Sweden). Titers were reported in Arbitrary Units/ml (AU/ml) for HPV 6 and 11 and in International Units/ml (IU/ml) for HPV 16 and 18.
Statistics
The primary study objective was to compare immunogenicity one month after completing the 3-dose vaccination series when the second and/or third vaccination dose was received at substantially prolonged intervals to immunogenicity when both the second and third dose were received within or close to the recommended intervals. Based on predetermined power calculations to estimate sample sizes, this study aimed to enroll 211 participants in the control group and investigational groups 2, 3 and 4. Sample size was estimated using the non-inferiority test for each study group and HPV type along with estimates of the distribution of one month post dose 3-vaccination titers [11] . Calculations accounted for multiple comparisons.
For each study group, GMTs and 95% confidence intervals (CIs) for each HPV type were calculated. GMTs were age adjusted by determining the least square (LS) GMTs and 95% (CI) by regression analysis using log10 GMT as the response and continuous age as the predictor. GMTs and LS GMTs were similar and LS GMTs were used to determine inferiority and superiority, so only LS GMTs are presented.
Non-inferiority and superiority were calculated using the difference in LS GMTs of the control and a study group and the associated two-sided 97% confidence interval (CI) (97% CI was used to adjust for the three pairwise comparisons). A study group LS GMTs for an HPV type was considered non-inferior to the control group if the upper limit of the 97.5% CI was < 0.176 (equivalent to a GMT of the control/GMT of the study group <1.5 if a single pairwise comparison was made). A study group LS GMTs for an HPV type was considered superior to the control group if the upper limit of the 97.5% CI was <0. To determine the effect of delaying dose 2, GMTs were calculated, as described above, for post-dose 2 titers, using a 90% CI. Two post hoc analyses were completed to further evaluate post-dose 2 titers. To compare antibody responses after 2 doses versus 3 doses, post-dose 2 and 6 month postdose 3 GMTs were calculated for titers from participants in groups 1 and 3. Post dose 2 GMTs were measured approximately 4 months after dose 2, therefore, 6-month, rather than 1-month, post dose 3 GMTs were used in these analyses to more closely match the time from vaccination to antibody measurement. To compare antibody responses in <15 year olds (currently recommended for 2 dose vaccine schedule) and ≥15 year olds (currently recommended for 3 dose schedule) among those with on time and substantially late dose 2, post dose 2 titers among group 1 and group 3 were stratified by age and GMTs calculated. Differences in titers were tested for significance using ANOVA.
Descriptive analyses were performed to explore the magnitude of GMTs in groups with concomitant vaccinations at HPV dose 2 and HPV dose 3. Analysis software was SAS V9.3.
Results
A total of 1,321 adolescents were enrolled: 224 in the control group (group 1; on-time doses 2 and 3), 173 in group 2 (on-time dose 2, substantially late dose 3), 222 in group 3 (substantially late dose 2, on-time dose 3), 235 in group 4 (substantially late doses 2 and 3), and 467 in group 5 (participants not meeting criteria for groups 1 through 4). As shown in Figure 1 , a total of 1,260 (95%) participants had one month and 1119 (85%) had six month post dose 3 titers measured. Of the 156 (11.8%) participants who terminated early from the study, loss to follow-up was the most common reason (84 adolescents [6.4%]).
The median age of participants was 14 years (range 10-17). Baseline characteristics are shown in Table 1 . Differences between groups included the control group which had a higher proportion of white participants (53.6%) compared to other groups (≤ 42.2%) and group 4 had a higher median age (15 years) and a higher median body mass index (24 mm/kg 2 ) compared to other groups (14 years and 22-23 mm/kg 2 respectively). The intervals between doses are shown in Table 2 .
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Antibody responses one month after dose 3
One month after dose 3, all participants were seropositive to all four HPV types. GMTs for HPV 6, 11, 16, and 18 in groups 2-4 were non-inferior to the control group. As shown in Table 3 , titers for HPV 6, 11, 16, and 18 in group 2 and HPV 11 in group 3 were significantly higher than the control group.
Antibody responses six months after dose 3
Six months after dose 3, all participants were seropositive to all four HPV types, except one individual to HPV 18. GMTs for each HPV type in groups 1-4 had decreased to less than one-half the titers observed at one month (Table 3 ). Similar to results at one month, titers at six months for HPV 6, 11, 16, and 18 in groups 2-4 were higher than and non-inferior to the control group. Titers for HPV 6, 11, and 16 in groups 2, 3, 4, and 5 were superior to the control group; titers for HPV 18 in groups 2, 4, and 5 were also superior compared to controls. Group 2 continued to have the highest HPV titers for each HPV type compared to other study groups.
Effect of delaying dose 2
A total of 390 participants had titers measured before dose 3 (approximately four months after dose 2): 192 in group 1 and 198 in group 3. Each participant was seropositive after dose 2 to all four HPV types. Table 4 shows the effect of delaying dose 2. Post dose 2 GMTs in group 3 (substantially late dose 2) were non-inferior and superior to group 1 (on time dose 2) with GMTs 2.5 to 5 times higher in the substantially late dose 2 group. Table 5 shows the comparison of titers after two versus three doses in participants in groups 1 and 3 who had both post-dose 2 and post-dose 3 titers. Of note, post-dose 2 titers were measured 106-137 days after dose 2 while post-dose 3 titers were obtained after a longer interval (174-233 days). When doses 2 and 3 were received on time (n=182), post dose 2 GMTs for all four HPV types were significantly lower (p<.001), 40%-50% lower, than postdose 3 GMTs. When dose 2 was received substantially late and dose 3 received on time (n=178), post dose 2 GMTs for HPV 6, 11, and 16 were significantly higher by 16-32% (p<. 001) than post-dose 3 GMTs. There was no difference in GMT of HPV 18 after dose 2 compared to dose 3. Table 6 shows comparison of unadjusted post-dose 2 GMTs in <15 versus ≥15 year olds in groups 1 and 3. When dose 2 was on time, GMTs of HPV 6 and 18 were significantly higher among <15 year olds compared to ≥15 year olds. When dose 2 was substantially late, titers observed in <15 year olds were not significantly different from titers in ≥15 year olds among dosing intervals examined.
Antibody responses after 2 versus 3 doses
Antibody responses after 2 doses in younger and old girls
Concomitant vaccinations
Overall, 471 (35.7%) participants received one or more vaccines on the same day as HPV dose 2, and 410 (31.0 %) participants received one or more vaccines on the same day as 
Discussion
This study was initiated to examine immunogenicity of 4vHPV in a clinic-based population of young women receiving routine care when doses were received at non-recommended intervals, specifically at substantially prolonged intervals for dose 2 and/or dose 3. We also examined immunogenicity after two 4vHPV doses. When intervals between 4vHPV doses were substantially delayed, all four antigens (HPV 6, 11, 16, and 18) were immunogenic at each dosing interval. Without exception, GMTs for all four antigens in groups with substantially prolonged intervals were non-inferior to GMTs in the control group with ontime dose 2 and dose 3. With the exception of HPV 18, titers at one and six months after dose 3 were higher in groups with substantially prolonged intervals compared to the control group. Differences were greater at six months. Six months after dose 3, all GMTs in the three delayed investigational groups, except for HPV 18 in group 3, were significantly higher than the control group. GMTs six months after three doses were highest among those with on-time dose 2 and substantially delayed dose 3. This suggests a second dose within two months of the first dose combined with a delayed third dose elicits the most robust immune response sustained at least 6 months following the last dose.
In randomized trials of HPV vaccination [12, 13] , prolonged intervals between doses did not significantly decrease the antibody response to each HPV vaccine type and often resulted in higher antibody titers. For example, a study in college-aged students demonstrated that HPV4 given according to a 0-, 2-, and 12-month schedule compared to the recommended dosing schedule [13] and schedules that included the third immunization delivered as late as 24 months after the first dose were shown to be non-inferior to standard dosing regimens [12] . Since vaccine licensure, substantial delays in vaccine schedules have been common in the community. In this study, we found that delays of ≥ 120 days for dose 2 and ≥ 240 days for dose 3 were not detrimental and in fact, prolonged intervals improved the antibody response. These increases remained at six months after receipt of dose 3, thereby providing reassuring data that not only the peak but also the duration of the antibody response are not adversely impacted by prolonged delays. These findings support current recommendations that interrupted HPV vaccination schedules do not need to be restarted[1].
This study was also designed to evaluate the antibody response after two 4vHPV doses. Antibody responses to all four antigens after two doses were superior when the second dose was delayed compared to when the second dose was on time. These outcomes are consistent with findings from Russell et al [7] and are supported by comparisons of immunogenicity after two doses given at six month vs 12 month intervals [14, 15] . These findings support recent recommendations for the 2-dose regimen in 9-14 year olds [3] . It is reassuring that responses are robust after a delayed dose 2 because delays in receiving dose 2 occur 
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Antibody responses after on time dose 2 were substantial, but 40-50% lower than after dose 3. Conversely, among those with a delayed dose 2 and on time dose 3, the antibody response after dose 2 was 16-32% higher than after dose 3. The higher boost after a delayed dose 2 compared to an on-time dose 3 may be explained by a greater immune response after a longer interval between dose 1 and 2 (median 372, range 120-1975 days) and shorter time to titer measurement (106-137 days) compared to dose 3 (median interval 123, range 106-137 days; titers measured 174-233 days). The durability of the response after dose 2 could not be measured using our study design.
Trials comparing two dose schedules compared with three dose schedules have supported approval of a two dose schedule in 9 through 14 year olds [15] [16] [17] [18] [19] [20] . Compared to antibody responses after dose 2 in younger girls (<15 years), antibody responses in older girls (≥15 years) in this study were not significantly different when dose 1 and 2 were received at a substantially long interval, suggesting that a 2 dose schedule might be adequate for older girls. Further research is warranted to assess a 2 dose schedule in older girls. Additionally, GMTs of four HPV vaccine types were similar between groups receiving a concomitant vaccine with dose 2 or dose 3 4vHPV compared to groups with no concomitant vaccines [21] .
Strengths of this study include a study population with young girls recruited from multiple clinical sites around the US who received 4vHPV as part of routine health care. The study sample was estimated to be large enough to detect small differences between groups. Results of 4vHPV immunogenicity remain relevant as 4vHPV was most commonly used through 2015, prior to introduction of the nonavalent HPV vaccine. Among those with delayed dose 2 and on time dose 3, higher antibody doses after delayed dose 2, compared to on-time dose 3 may be explained by both the longer intervals between dose 1 and 2 and the shorter time between dose 2 and titer measurement. Although protective antibody levels are thought to be quite low, the importance of different antibody levels is not known. Vaccine efficacy against disease was maintained for at least 48 months post-vaccination despite the loss of detectable antibodies to HPV 18 in about 40% of vaccine recipients [22] .
These findings suggest that delays in administration of either dose, even ≥ 240 days for dose 3, will not negatively affect the protection offered by HPV vaccination. The results of this trial also support recent recommendations of the 2-dose regimen in 9-14 year olds. had a pre-dose 3 blood draw 3 Data has been combined for simplicity as no significant differences were detected between groups for any period 4 The number of participants at each analysis point does not add up to the total participant numbers in the group because not all participants were available at all visits. Some participants had data from the 1 month post dose 3 but not the 6 month post dose 3 visit; other participants had data from the 6 month post dose 3 visit but not the 1 month post dose visit. Table 6 Comparison of antibody responses after dose 2 in <15 year olds versus ≥15 year olds when dose 2 received on-time or substantially late Analysis of variance to test differences in titer values in those <15 years and those ≥15 years old. GMTs are reported in Arbitrary Units/ml (AU/ml) for HPV 6 and 11 and in International Units/ml (IU/ml) for HPV 16 and 18.
